THEORY OF STATIC AND DYNAMIC PROPERTIES OF SUPERLATTICES WITH FERROMAGNETIC AND ANTIFERROMAGNETIC COUPLING
Abstract. -We discuss magnetic superlaticces composed of ferromagnetic films with either ferromagnetic or antiferr* magnetic coupling at the interfaces. For ferromagnetic coupling, the low temperature behavior of the magnetization as a function of film thickness depends critically on the strength of the interface coupling constant. For antiferromagnetic coupling we calculate the spin wave excitation spectrum and relate this to a macroscopic ferrimagnet.
In this paper we examine the excitation spectrum [I] and thermodynamic properties [2] of a variety of superlattices composed of different ferromagnetic films. The coupling at the interface between the two ferromagnetic films may be ferromagnetic or antiferromagnetic in nature. As we will see the interface coupling will play a critical role in properties of the superlattice.
We first consider the low temperature magnetization of a superlattice composed of alternating ferromagnetic films which are coupled ferromagnetically at the interface. In a bulk, uniform sample, the magnetization should decrease according to the Bloch T~~~ law, i.e.
Except for very thin samples, this result is independent of sample size [3]. The situation in a superlattice can be quite different.
As usual, the low temperature magnetization depends on the spin wave spectrum. The spin waves in the superlattice will differ substantially from those. in bulk samples of the individual materials in two respects: 1) the periodicity of the superlattice introduces gaps into the spin wave spectrum. These gaps allow the spin wave frequencies to differ considerably from the w = D I~~ dispersion law for bulk materials. Thus the magnetization can also deviate from the T3I2 Blochs law; 2 ) the interface exchange interaction can be quite different from the exchange constants in each of the consistuent films. For small wavevectors, q, perpendicular to the layers, the dispersion relation will be 2 approximately w = Deffq where Deff depends on the the exchange constants in materials A and B (JA and J e ) , the magnitude of the spins in materials A and B (SA and Sg) and the interface exchange constant ( J I ) . For very thin ferrmagnetic layers, the interface exchange constant can play a significant role in determining Deff. While D,E does not change the 312 power law, it governs the size of the coefficient, B, in the Bloch B T~~~ terms, with a larger Des leading to a smaller coefficient B.
In our work, we diagonalized the superlattice Hamiltonian, found the net spin deviation for each excitation and then did a thermal average to find the change in magnetization as a function of temperature. The details will be presented elsewhere [4] . We note that care must be taken in the thermal average to avoid nonphysical singularities [3] . Figure 1 shows M ( T ) as a function of layering pa6 tern. The parameters are JA = 1.42 x 10-l6 ergs, JB = 2.76 x lo-'' ergs, SA = 312, SB = 512. We consider superlattices with n layers of material A and n layers of material B in a unit cell (n / n system). In the case of strong interfacial coupling, the magnetization decreases more rapidly as the number of layers in a unit cell is increased. For weak interfacial coupling the behavior is opposite. To understand this, we note that M (T) tends toward the bulk behavior of the ma- terial with the lower Curie temperature as the number of layers in a unit cell is increased. In the weak coupling limit, Deff is softer for thinner layers (where the interface coupling is important) and then increases for thicker layers (nearing bulk behavior). This leads to the more rapid decrease in magnetization with temperature seen for smaller n in figure 2. The opposite occurs in the strong coupling limit. As mentioned earlier, the band gaps introduced by cells. We then diagonalize a 272 x 2n matrix in order to find the frequency eigenvalues. We obtain an approximate temperature dependence for the spin wave frequencies by replacing Si with its thermal averaged values obtained from the mean field calculation 151.
In figure 2 , we present the results for the dispersion relation for spin waves propagating perpendicular to the layers of the superlattice. Only the lowest two modes are shown, each for three temperatures. The most interesting feature of this figure is that one mode decreases in frequency as the temperature is raised while the other mode increases in frequency. Normally one would expect that an increase in temperature should result in a lowering of the the frequency of the spin wave modes since the effective fields in the torque equations are reduced. The explantation for the increase in frequency with temperature has to do with the similarity of the superlattice to a macroscopic ferrimagnet.
The dispersion relation for a bcc frrimagnet in the small q limit is given by the periodic structure should allow deviations from the
T3/2
We ha,,e this deviation to be rather
In the superlattice the temperature dependences of Sup small. For example in a 20120 strong coupling config-and Sdown are given by their For uration the exponent of is while for a 20/20 the Fe/Gd superlattice considered here, the coefficient weak coupling configuration the exponent is found to in front of the q2 term actually increases with temperbe Stronger interface coupling generally leads to ature. This then results in the increase in frequency larger exponents.
of the superlattice mode. To be sure that the analysis here is appropriate, we checked that in this particular We now turn to magnetic superlattices which have spin wave mode the spins in each different material esantiferromagnetic coupling at the interfaces. The static configurations in this system have been invessentially move together so that the mode does indeed look like that of a ferrimagnet. tigated previously [5, 61. It was found that a number of different phases were possible depending on the layering pattern, the temperature, and the applied field.
The spin waves in this structure are also of interest.
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